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ABSTRACT
Photo-generated charge in thick, back-illuminated, fully-depleted CCDs is trans-
ported by electric fields from the silicon substrate to the collecting well at the front gate
of the CCDs. However, electric fields transverse to the surface of the CCD –with diverse
origins such as doping gradients, guard rings around the imaging area of the sensor, and
physical stresses on the silicon lattice– displace this charge, effectively modifying the
pixel area and producing noticeable signals in astrometric and photometric measure-
ments. We use data from the science verification period of the Dark Energy Survey
(DES) to characterize these effects in the Dark Energy Camera (DECam) CCDs. The
transverse fields mainly manifest as concentric rings (tree rings) and bright stripes near
the boundaries of the detectors (edge distortions) with relative amplitudes of about 1%
and 10% in the flat-field images, respectively. Their nature as pixel size variations is
confirmed by comparing their photometric and astrometric signatures. Using flat-field
images from DECam, we derive templates in the five DES photometric bands (grizY )
for the tree rings and the edge distortions as a function of their position in each DECam
detector. These templates can be directly incorporated into the derivation of photo-
metric and astrometric solutions, helping to meet the DES photometric and astrometric
requirements.
1. Introduction
In the past decade, the development of thick, high-resistivity CCDs with high quantum effi-
ciency (QE) at long wavelengths (near infrared) has been encouraged by increasing scientific interest
in this part of the electromagnetic spectrum (Holland et al. 2003, 2007). Thick CCDs also offer
other advantages over more conventional and thin CCDs by reducing fringing at long wavelengths.
Thus, thick, fully-depleted CCDs have been chosen by several current and future astronomical
surveys and imagers (e.g., the Dark Energy Survey, DES1 (Abbott et al. 2005), the Pan-STARRS
1www.darkenergysurvey.org
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survey (Kaiser et al. 2010), the Hyper Suprime Camera (Komiyama et al. 2010), and the Large
Synoptic Survey Telescope, LSST2 (Ivezic et al. 2008)). Despite their advantages, thick CCDs
also exhibit undesirable characteristics that can leave signatures in the data, with consequences
for shape, point spread function (PSF), astrometric, and photometric measurements (Stubbs 2014;
Lupton 2014; Antilogus et al. 2014; Jarvis 2014).
Current and future experiments, such as DES and LSST, will produce large data sets, which
will provide higher statistical precision. Thus, it has become necessary to fully characterize and
understand even the most subtle systematic effects in the methods and instrumentation (Weinberg
et al. 2013). For instance, supernovae probes are limited by color and flux calibration, not statistical
errors. In addition, weak gravitational lensing (WL) of large scale structure of the Universe (cosmic
shear) requires measuring galaxy shapes and positions with high accuracy in order to exploit its
full potential to constrain dark energy (Albrecht et al. 2006).
In this paper, we study the consequences of electric fields transverse to the surface of the
CCDs of the Dark Energy Camera (DECam, Diehl (2012); Flaugher et al. (2012); Flaugher et
al. (in prep.)), the imager built for the DES project. These transverse fields3 have an impact
on astrometric and photometric measurements by shifting the location of the collected charge and
modifying the effective pixel area. Charge relocation and pixel area variations contribute to the
local variations in the response to uniform illumination (Pixel Response Non-Uniformity, PRNU),
which are usually assumed to originate purely from sensitivity (or QE) differences in the pixels.
Thus, naively dividing by the flat-field images could lead to systematic errors in the calibration
steps during the data reduction process.
In the next Section, we provide a brief introduction to DECam in the context of the DES and
illustrate some of the structures visible in flat-field images that do not correspond purely to pixel
sensitivity differences. In Section §3, we use flat-field images to derive templates of the amplitude of
these effects as a function of their pixel location in the detectors. We then demonstrate, in Section
§4, how these templates can be incorporated into astrometric and photometric solutions to reduce
residuals below the scientific requirements for DES. We conclude and summarize our results and
their implications in Section §5.
2. The Dark Energy Survey and the Dark Energy Camera
The Dark Energy Survey is a multi band (grizY ) photometric survey of 5000 sq deg of the
Southern sky whose main scientific purpose is to constrain the dark energy equation of state, w.
Four independent probes–weak lensing, galaxy cluster counts, baryon acoustic oscillations, and type
Ia supernovae–will be combined under this single experiment. A new 570 megapixel camera, the
2www.lsst.org
3Also referred to as “lateral fields”.
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Dark Energy Camera, was built at the Fermi National Accelerator Laboratory (Fermilab, 2008-
2012), and commissioned on the 4m Blanco telescope in the Cerro Tololo Interamerican Observatory
(CTIO) in La Serena, Chile. After commissioning, DES carried out a science verification process
(Nov. 2012–Feb 2013) to assess the quality of the images.
The focal plane of DECam is composed of 62 2k by 4k CCDs, plus 12 more 2k by 2k CCDs
for focus and guiding. These devices are back-illuminated, fully-depleted (high-resistivity), thick
(≈ 250µm), n-type (p-channel) CCDs, supplied by Teledyne DALSA Semiconductor and Lawrence
Berkley National Laboratory (Holland et al. 2003), and packaged (Derylo et al. 2006) and tested
(Diehl et al. 2008; Estrada et al. 2010) at Fermilab. The pixel size of the devices is 15 µm, with a
plate scale of about 0′′27, generating a field of view of about 3 deg2.
Detailed descriptions of DES, DECam, and the testing and characterization process of the
CCDs can be found in Abbott et al. (2005); Diehl (2012); Flaugher et al. (2012); Diehl et al.
(2008); and Estrada et al. (2010).
2.1. Structures in flat-field images: “tree rings” (impurity gradients), edge
distortions, and tape bumps (lattice stresses)
Dome flats are taken daily (Marshall et al. 2013) as part of standard DES operations (Diehl et
al. 2014) for the usual data reduction and calibration process.4 A single, reduced master dome flat5
per CCD and for each photometric band is produced by one of the DES Data Management pipelines
(Mohr et al. 2008; Desai et al. 2012). The most visually striking features in the flats are concentric
circles, commonly known as “tree rings” (see Figure 1). They originate from circularly symmetric
variations in impurity concentrations that arise during the growth of single-crystal silicon from
polysilicon (see Figure 5 in Altmannshofer et al. (2003)).6 If the density of doping impurities is
not uniform in the direction parallel to the back-side of the CCD (the x direction), a difference in
space charges will generate a transverse field E⊥, perpendicular to the optical axis of the detector
(the y direction). A charge packet generated in the depletion region will be transported to the
collecting region near the front gate of the CCD by a combination of this extra transverse field and
the usual electric field in the device. This transverse field deflects the charge from its nominal path,
implying that the pixels in the device map to different areas on the incident side, some larger and
some smaller. We say that the transverse fields change the effective area of individual pixels in the
4Throughout this paper, we refer to data processing for the Dark Energy Survey.
5A master dome flat is the median of the best dome-flat exposures of each night, reduced, and normalized to 1.
6High resistivity single crystal silicon is grown by means of the zone melting technique through the floating zone
(FZ) method (von Ammon & Herzer 1984). In the fabrication of DECam CCDs, the usual Czochralski process (CZ)
method of single crystal growth is not used because the fused-silica crucible introduces large quantities of oxygen in the
molten polysilicon, which limits the resistivity of the resulting single-crystal silicon to about 50 Ω·cm. Fully-depleted
CCDs need to be fabricated on silicon with resistivity of about 5000 Ω·cm or more.
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Fig. 1.— Master dome flat images from two of the DECam CCDs in the g band. Each image is
normalized to 1, and the gray scale represents deviations of approximately ±1% from this value.
Lighter shades represent enhanced brightness (the black strip surrounding the CCD is a 15 pixels-
wide area, masked during the making of the master flats). The circular structures known as “tree
rings” can be seen in the first two images. The tree rings are nearly symmetric about the axis of
the silicon boules from which the CCD wafers were cut (there are four 2k by 4k CCDs per wafer),
so the patterns on each CCD will depend on their relative position in the wafer. The contrast
difference between the left and right sides is due to gain differences in the two readout amplifiers
of the detector. The last image shows the effect of the distorted electric field at the edge (bright
stripes) and that of the lattice stresses due to double-sided tape (upper right corner).
detector, making some subtend more or less solid angle of sky than the average, and modifying the
observed flux because the collected charge is conserved and no carriers are absorbed or created,
just re-distributed between neighboring pixels.
Another important effect seen in the dome flats of the DECam devices is an increase in bright-
ness near the four detector edges, likely due to the change in electric fields imposed by the boundary
conditions and particular electronic structures (e.g, front-gate electrodes, guard/floating rings) at
the edge. These edge distortions are colloquially known in DES devices as “glowing edges”. A
similar feature has been measured in LSST devices, but with an opposite sign (i.e., a reduction in
brightness is seen closer to the edge) (O’Connor 2014). Therefore, we will refer to this effect more
generally as the edge-distortion effect. In the DECam devices, this effect is measurable within about
100 pixels from the edge. Within 8-10 pixels from the edge, the relative counts are approximately
10% larger than the average.
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Finally, three small (about 50 by 50 pixels) deformations on each side of the CCD can also
be seen. These features arise from physical stresses on the silicon lattice (that in turn distort
the electric field lines) due to pieces of double-sided tape between the CCD and its mount.7 To
handle these tape bumps in DES, a flag for these pixels will be implemented to indicate that they
are unreliable for high-precision analyses. Therefore, we will discuss only the tree rings and edge
distortions hereafter.
The tree rings and the edge distortions both originate during the manufacturing of the devices,
while the tape bumps originate during the packaging process. They can be classified as fixed pattern
distortions, as opposed to other dynamic effects of transverse fields such as pixel-to-pixel correlations
in the collected charge that originate intensity-dependent PSFs (Rasmussen 2014; Antilogus et al.
2014). These effects were already identified during the CCD packaging and testing at Fermilab
(Derylo et al. 2006; Diehl et al. 2008; Estrada et al. 2010). In particular, the edge distortions have
been measured as astrometric displacements (Kuhlman et al. 2011), and modeled in simulations
(Holland et al. 2009). Our measurements, however, are the first to demonstrate that the tree-rings
effect is due to transverse electric fields.
The amplitudes of the tree-ring, lattice-stress, and edge-distortion effects depend on the wave-
length of the incoming signal, according to the absorption length in silicon. It is also expected that
their amplitude will depend inversely on the value of the substrate voltage Vsub applied to the back
side of the CCD to reach overdepletion,8 although the SV data analyzed in this work were taken
with Vsub having a fixed nominal value of 40V.
Flat-field images generally can be used to infer variations in the properties of pixels on a CCD.
These variations may arise from intrinsic changes in pixel sensitivity (QE), or pixel area variations
(Smith & Rahmer 2008; Kotov et al. 2011). Therefore, it is not clear a priori whether the effects
mentioned above are due to one or the other. Since the main purpose of dividing the scientific
images by a flat field frame is to account for the sensitivity differences across the pixel array,
dividing by a flat field image that contains effects other than sensitivity variations will introduce
systematic errors in the data. Thus, it is important to characterize the nature of these effects.
Data taken with DECam during the DES science verification period show correlations between
the tree ring patterns in the dome flats and astrometric displacements (see next Section and Figure
4)9. This strongly supports the interpretation that they are due to charge redistribution between
neighboring pixels caused by the presence of spurious electric fields transverse to the optical axis
7More precisely, these deformations originate due to the difference between the coefficient of thermal expansion of
the glue (Epotek 301-2) and the tape (Mylar), (Derylo et al. 2006).
8For an overdepleted CCD, the transit time of a carrier is proportional to (Vsub − VJ)−1, where VJ is the av-
erage channel potential at the junction between the p-channel and n-type substrate (Holland et al. 2003). For an
underdepleted device, the transit time is dominated by the time spent in the field-free region (Fairfield et al. 2006).
9The tape bumps show these astrometric signatures too, as can also be seen in Figure 4
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of the device, and not just quantum efficiency variations.
3. Impact on astrometry and photometry
3.1. Star flats, and astrometric and photometric solutions
By examining the residuals in the astrometric and photometric solutions, we can identify
patterns that remain due to the effects of the transverse electric fields. We use sets of about 20 to
25 dithered exposures of star fields (per photometric band) taken during SV operations, in which
each star is recorded at different parts of the detector. From these exposures, we derive a star flat
image (Manfroid 1995; Tucker et al. 2007), which is the ratio of the response of the instrument to
focused light (light from stars) and its response to diffuse light (flat-field images).
We divide the input images by the dome flats, and measure the instrumental magnitude for
each star through large-aperture stellar photometry. A “star-flat” photometric correction model is
produced by varying the parameters of the model to minimize the disagreement between magnitudes
of the multiple measurements of each star. This model is allowed to have low-order polynomial
variations across each CCD, plus an exposure-dependent offset and linear slope across the full
array. Every measurement of each star has a residual of its star-flat-corrected magnitude to the
mean magnitude of all measurements of that star.
In the astrometric models, we use algorithms that improve on the initial astrometric solution
derived by the software SCAMP (Bertin 2006). We solve for the parameters of the geometric distortion
model (the map between pixel coordinates and sky coordinates, Ω(x, y)10) by forcing agreement be-
tween positions of a given star in different exposures, and then calculating the astrometric residuals
with respect to the mean position of the star.
After deriving the solutions, we record the astrometric and photometric residuals as a function
of focal plane position. Over the five years of the full survey, the DES science requirements demand
an astrometric accuracy < 15 mas for the centroids of objects in different exposures, and a relative
photometry of 2% (Annis et al. 2010).
3.2. Photometric signatures
For each CCD and filter, we bin the photometric residuals by their distance from each of the
four edges. We then compare the residuals to binned signal from the flat-field data, including
a multiplicative factor to match the two amplitudes, when necessary. In most cases, this factor
deviates from unity, although on average both signals are correlated with each other, as seen in the
10Also known as the World Coordinate System (WCS) solution.
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Fig. 2.— Stacked photometric residuals (green star-shaped symbols) and stacked dome-flat signal
(red dot-shaped symbols) as a function of distance of the bottom edge (relative to the CCD layout
shown in Figure 1) of the detectors, binned every 8 pixels. The distortions at the other three edges
have similar shapes, but their amplitudes differ. The stack is over all CCDs of the focal plane
and all photometric bands. The input images for the photometric solution were divided by the
dome-flat images.
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example of Figure 2.
For the signal produced by the tree rings, the binned photometric residuals trace the tree rings
signal as measured in the dome flat images, as seen in Figure 3.
In both cases, the residuals are calculated after dividing by the dome-flat images, and the
photometric model for these data does not include terms to track the edge distortions and the tree
rings. Hence, the correlations between the dome-flat signals and the photometric residuals indicate
that the tree-rings and edge distortion features are not tracing pixel-sensitivity variations.
3.3. Astrometric signatures
As with the photometric residuals, we plotted the astrometric residuals as a function of their
position in the CCDs, for each detector and each band. The astrometric model did not contain terms
to fit for the tree rings or the edge distortions.11 In Figure 4 we show the vector field of astrometric
residuals as a function of CCD position for a particular device, stacked over all exposures in all
photometric bands. Correlations are apparent between the tree-ring patterns and the tape bumps
from the dome flat images. The edge distortions also leave large astrometric residuals, but they
are partially hidden by the masking of 30 pixels at the detector edges in the calculation of the
astrometric solution.
After identifying the center of the rings in each device,12 we azimuthally average the signal in
order to create a radial profile of the tree rings’ signal as a function of distance from that center.
In an analogous way, we create profiles of the astrometric signatures as a function of the distance
to each edge by averaging the data along columns (Figure 5). The amplitude of the astrometric
signal in the case of the rings is approximately 0.05 pixels (≈ 13 mas) to 0.1 pixels (≈ 26 mas); for
the edge distortion, the amplitude is also approximately 0.05-0.1 pixels.13 We also note in Figure
5 that both effects depend on wavelength.
11Or a term to take into account the tape bumps, but these will be flagged.
12It is possible to infer the pixel coordinates of the common center of the tree rings in each CCD by knowing the
relative position of each one with respect to the center of the silicon wafer from where it was cut. However, we found
that the center coordinates obtained in this way were not accurate, and therefore we fitted for them by identifying
points on the circumferences of several rings.
13The relative amplitude of the edge distortion can be of 10% or more as the distance to the edges diminishes.
However, the master dome-flats we used in our analysis have a masked region of 15 pixels from the edge, and the
astrometric and photometric solutions mask regions of 30 pixels within the CCDs boundaries.
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Fig. 3.— Mean amplitude of tree rings as measured on the dome flats compared to means of
photometric residuals in bins of tree ring values from i-band DES data. The input images for
the photometric solution were divided by the dome-flat images. The aperture of each object was
adjusted and measured with the SExtractor (Bertin & Arnouts 1996) parameter MAG AUTO. On
average, the data trace the dotted line, which has a slope of 2.5 ln(10) ≈ 1.085, indicating a
positive correlation between the two quantities. The damping at large tree-ring values is likely
due the smoothing of the sharpest rings due to the finite size of the stellar images. When using
fitting photometry (SExtractor parameter MAG PSF), there is an offset of ≈ 2x because both the
flux and the size of the stars are different in the rings, so the PSF fitter (not knowing about the
size variation) calculates an erroneous value for the total flux.
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Fig. 4.— Astrometric residuals in the x and y directions plotted as a vector field for a particular
DECam device. The input images for the astrometric solution were divided by the dome-flat
images. The median magnitude across the whole chip is 5.65 mas, with an rms of 5.35 mas. Large
residuals can be seen at the positions of the tree rings and the tape bumps (compare the dome
flat images shown in Figure 1). The astrometric model did not contain terms to account for the
edge distortions either, but their imprint on the residuals are partially hidden by the masking of
30 pixels at the edges when calculating the solution.
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Fig. 5.— Tree-ring (upper panel) and edge-distortion (bottom panel) astrometric profiles as a
function of distance from the center of the rings and the left edge, respectively, for a particular
DECam device, and for each of the five DES photometric bands. The tree-ring and edge-distortion
signals were averaged in bins of 16 and 4 pixels, respectively. The average scaling factors (with
respect to the g band) for the tree-ring profiles of all DEcam CCDs are shown in the appendix
(Figure 8). The input images for the astrometric solution were divided by the dome-flat images.
The imprint on the residuals at the edge are partially hidden by the masking of 30 pixels at the
edges when calculating the astrometric solution.
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4. Improving the astrometric and photometric solutions using templates from dome
flats
We would like to characterize the structures in the photometric and astrometric residuals by
using the information from the high signal-to-noise (S/N) ratio dome-flat images (compared to
the signal obtained from the finite number of stars in the star-flat images). For that purpose,
we measure templates of the edge distortion as a function of the distance from each of the four
edges. We assume that any actual QE variations near the edges are suppressed by averaging rows
(columns) in regions that do not include the tape bumps. For tree rings, we identify their centers
in each one of the DECam devices and bin their amplitudes in the flats as a function of distances to
these centers. As with the edges, we assume that QE variations as a function of distance from the
ring center are gradual and removed by applying a high-pass filter to the measured radial profile.
We do this for each one of the five DES photometric bands (grizY ). The wavelength dependence
is more apparent than in the astrometric residuals due to the increased S/N ratio in the dome-flat
images (see Figure 6, compared to Figure 5).
In general, we would expect to measure a larger amplitude towards the blue part of the
spectrum because the absorption length function of light in silicon implies that photons with shorter
wavelength will interact, on average, closer to the back, incident side of the CCD. When a photon
of wavelength λ enters a back-illuminated CCD, it is absorbed in the silicon substrate at an average
depth that depends on λ (at λ ≈1060 nm silicon is practically transparent to incoming radiation).
In an n-type detector, a hole is produced and carried to the collecting potential well in the buried
p-type channel nearby the polysilicon gate electrodes by an electric field E‖(y).14 This field has a
minimum magnitude at the window and peaks at the p-n junction, where the holes are collected.
Thus, photo-generated holes from blue light would be subject to the effect of transverse electric
fields by more than for redder light, displacing the centroid of the charge packet.
The ring radial profiles seem to be consistent with this model (Figure 6), and each profile differs
from the other only by a multiplicative factor. It is possible to produce estimates of the numerical
value of these factors by positing a functional model for the y dependence of the transverse and
main electric fields, knowing the spectral energy distribution of the light sources (LEDs in the case
of the flat-field images, and stars in the case of the star-flat images), and the probability density
distribution of the interaction of photons with silicon. In Appendix A, we approximate these
functions and compute values that qualitatively agree with the values measured (averaged over
all the DECam detectors) using the profiles from the flat- and star-field images, for the tree-ring
profiles. In the edge distortions, the wavelength dependence is not a simple scaling at all distances
from the edge, suggesting that a more complicated electric field model might be needed to account
for the observations at the edges (see below).
14The y direction is taken perpendicular to the CCD surface, with the origin at the rear window at the back of the
CCD. The x direction is parallel to the surface, forming a right-handed reference system with the y axis.
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Fig. 6.— Profiles of the tree rings and the left edge at different bands from dome flats for one of
the DECam detectors. A region of 15 pixels within the edge is masked in the dome-flat images.
The tree-ring profiles (upper panel) differ from each other by scaling factors (g > r > i > z > Y )
at all distances from the center of the rings, whereas the profiles from the edge distortions (lower
panel) exhibit a more complex wavelength dependence. The average scaling factors (with respect
to the g band) for the tree-ring profiles of all DEcam CCDs are shown in the appendix (Figure 8).
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The measured tree rings and edge templates from the dome flats can be incorporated in the
photometric model described above to improve the photometric solution as functional terms with
varying amplitudes.
To generate tree-ring templates for the astrometric solutions, we would like to utilize the
photometric signal in the dome flats again. To show how the signal in the dome flats and the signal
measured by the astrometric residual map are related to each other, we begin by pointing out that
the number of photons per unit area in the pixels is proportional to the intensity of the incident
light, which is uniform on small scales in a flat-field image. Photon number conservation therefore
translates as sky-area conservation in the flat-field signals. In the tree rings, the astrometric errors
can be modeled as a function, f(r), of radius from the ring center, representing the displacement of
photons hitting at position r to photons detected at r′ ≈ r+f(r). The dome-flat images include the
effect of the variable pixel area across the field, and therefore measure their effective area, A′. The
oscillatory tree-ring pattern measured in the dome flats can be written as a radial function w(r),
which is the azimuthally averaged tree-ring signal from the dome flats (normalized to 1 and high-
pass filtered). It is related to the Jacobian determinant of the coordinate transformation between
this effective area and the unperturbed area A by:
1 + w(r) =
∣∣∣∣dA′dA
∣∣∣∣ (1)
From Equation (1), we can obtain an expression for the function f(r) as a function of w(r):
1 + w(r) =
∣∣∣∣r′dr′dθ′rdrdθ
∣∣∣∣ ≈ ∣∣∣∣(r + f)(dr + dr∂rf)rdr
∣∣∣∣ (2)
Thus, to first order in f(r), we have:
f(r) =
1
r
∫ r
0
r′w(r′)dr′ (3)
By using Equation (3) we can use the ring patterns measured from the dome flats to predict the
radial component15 of the astrometric error induced by the tree rings. The predicted astrometric
function f(r) (after removing large-scale modes introduced by the integration process) correlates
with the measured radial component of the astrometric residuals from the star flats, as can be seen
in Figure 7. The astrometric predictions for each DECam CCD in each band can now be tabulated
and incorporated into the astrometric model (by including them in the geometric distortion map
between pixel and sky coordinates, Ω(x, y)).
For the glowing edges, an analogous equation in cartesian coordinates should apply (f(x) =∫
w(x′)dx′) if the transverse electric fields behave in a similar way to the ones giving rise to the
tree-ring profiles. However, we find disagreement between the measured astrometric distortion and
15The azimuthal component is consistent with zero.
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Fig. 7.— Measured astrometric residuals, binned as a function of radial distance from the tree
rings’ center for a particular detector in the g band. The prediction derived from the photometric
signal of the dome flats correlates with the data. The fitted function can be incorporated into the
astrometric model to reduce the remaining residuals.
the predicted function from the dome-flat images. We can still use templates measured directly
from the star-flat images in the astrometric solution, stacking several CCDs to increase the S/N
ratio. We expect the profiles to be similar for a particular edge at a given band across all the
devices,16 unlike the radial profiles of the tree rings.
These measurements, along with the non-monotonic wavelength dependence found in the flat
field data (Figure 6), are indications that other physical mechanism(s) might be at work at the
edges of the detectors, in addition to pixel-size variations. Boundary conditions, in addition to
16At least in those CCDs that share similar fabrication characteristics, such as originating from the same silicon
wafer.
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electrodes at the frontside of the CCD and guard/floating rings surrounding the device, are likely
to generate the electric field distortions at the edges. There are also holes from the non-imaging
periphery of the CCD that drift to the active area that contribute to the measured signal.17 Holland
et al. (2009) perform simulations of the electric fields near the edges of similar devices, illustrating
the field deformations as a function of depth from the back window and distance from the edge,
although their calculations assume boundary conditions that likely under-estimate the magnitude
of the field distortion. Likewise, Kuhlman et al. (2011) use x-ray-beams to measure the centroid
shifts of a spot near the edge of the imager. In both cases, the calculations extend to 20 pixels
away from the edge, while our measurements from the dome-flat (star-flat) images range from 15
pixels (30 pixels) to approximately 100 pixels from the edge.
An appropriate model of the transverse electric fields at the edges would enable us to calculate
the astrometric and photometric shifts as a function of wavelength and position from the edge.
This would allow us to identify locations where the shifts are large enough to render the data
unusable, according to the particular survey requirements. Chromatic gradients in the astrometric
and photometric shifts (i.e., different shifts for “blue” and “red” photons) can also propagate into
position and shape biases when averaged over different sources with particular spectral energy
distributions (such as different star types, and different types of galaxies at different redshifts), in
an analogous way to the effects caused by differential atmospheric refraction (Plazas & Bernstein
2012). Efforts to simulate, model, and characterize transverse electric fields in CCDs have recently
been pursued by Holland et al. (2014) and Rasmussen (2014) .
5. Summary and Conclusion
We analyzed the effects of electric fields transverse to the surface of the Dark Energy Camera
CCDs on astrophysical measurements (photometry and astrometry). In particular, we studied the
electric fields generated by circularly symmetric impurity gradients in the silicon wafer (giving
origin to structures visually similar to tree rings), and distorted fields at the four edges of the
detectors (“edge-distortion” effect). These structures are visible in the dome flat images used by
the data calibration pipelines.
We used data from the science verification period of the Dark Energy Survey to show how these
instrumental features imprint a residual signal on astrometric measurements, indicating that they
are consequence of charge redistribution among the different pixels of the CCD. The effective pixel
area is modified too, leaving residual correlations in photometric measurements. The measured
photometric residuals left by these structures are about 0.5% (Figure 6), which is less than the
required 2% RMS of photometric precision for DES. However, taking into account these photometric
signatures will contribute to achieve the DES goal of 1% RMS photometric precision (Annis et
17Paul O’Connor, private communication.
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al. 2010). The astrometric residuals, on the other hand, have an amplitude about 13 − 26 mas
(Figure 7), which will consume most of the relative DES astrometric error budget (15 mas) if left
uncorrected.
We derived templates of the tree-ring and edge-distortion effects as a function of position in
the focal plane, for each one of the DES photometric bands. These functions can be used in the
modeling of the astrometric and photometric solutions for DES data. The measured photometric
and astrometric shifts in different wavelengths from the tree-ring profiles are consistent with a static
electric field that changes the pixel footprints on the sky, allowing the derivation of astrometric
templates from the dome-flat data with higher S/N ratio. A similar comparison shows that the
behavior at the edges is a combination of other physical effects in addition to pixel size variations.
Our analysis shows that the flat-fielding of raw images (as it is traditionally done to reduce
astronomical data) can introduce systematic biases due to the presence of structures that do not
purely trace the sensitivity variations of the pixels. This will have to be considered during the
reduction and/or analysis of data from other wide-field cameras whose detectors also present tree
rings and edge distortion effects (such as the LSST CCDs).
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A. Appendix A: Estimate of the relative amplitude of the tree-ring profiles in
different bands
A.1. Analytic model.
It is possible to estimate the relative amplitude of the tree-rings structures as a function of
wavelength. For carriers created at a distance y from the back of the CCD and letting G(y) denote
the astrometric/photometric displacement due to the tree rings, the average amplitude of the signal,
IT (G(y)), will be given by:
IT(G(y)) =
∫ λmax
λmin
dλ
∫ d
0 dy λT (λ)Sλ(λ)f(y, λ) G(y) +
∫ λmax
λmin
dλ
∫ 2d
d dy λT (λ)Sλ(λ)f(y, λ) G(2d− y)∫ λmax
λmin
dλ
∫ 2d
0 dy λT (λ)Sλ(λ)f(y, λ)
(A1)
In Equation (A1), T (λ) is the instrument response at a given photometric band (including terms
such as the QE of the detectors, the optical elements in the telescope, and the atmospheric transmis-
sion18), Sλ(λ) is the spectral energy distribution (SED) of the source, and f(y, λ) is the absorption
probability density of photons in the CCD. The second term in Equation (A1) accounts for light
that is reflected back from the front side of the device. The origin of the coordinate system is
taken at the rear conductive window of the CCD, and d represents the thickness of the detector (d
≈ 250 µm for DECam CCDs). The extra factors of λ account for the fact that the detectors are
photon-counting devices.
The distribution of absorbed photons at locations greater than y is:
P (Y > y) = F (y) =
1− exp(−yα(λ))
1− exp(−2dα(λ)) (A2)
18The atmospheric transmission is only included when calculating the mean astrometric shifts.
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The denominator in Equation (A2) accounts for the photons that are never absorbed. Thus, the
probability density of photons being absorbed between a location y and y+ dy (denoted by f(y, λ)
in Equation (A1)) is given by:
dF
dy
≡ f(y, λ) = α exp(−yα(λ))
1− exp(−2dα(λ)) (A3)
α(λ) is the silicon absorption coefficient, given in inverse units of length. This function also depends
on temperature.
The astrometric shift caused by the transverse field E⊥(y) is denoted by ∆X⊥(y), whereas the
signature in the flat fields is given by the spatial derivative of this expression along the transverse
axis x, ∂x∆X⊥ (see Equation (3)). Therefore, to calculate the amplitude of the tree-rings profiles in
different bands as measured in the dome-flat images we must set the functional G(y) to the latter.
In the same way, to estimate the amplitude of the astrometric shift caused by the tree rings, G(y)
should be set to ∆X⊥(y).
Assuming that the carriers’ drift velocity is proportional to the electric field in the device
(v = µE, where µ is the holes’ mobility), we can write an expression for ∆X⊥(y) in terms of the
main drift field, E‖(y), and the perturbative transverse field, E⊥(y):
∆X⊥(y) =
∫ d
y
dt vx(y
′) =
∫ d
y
dy′
E⊥(y′)
E‖(y′)
(A4)
To integrate Equation (A4), we need a model of the transverse and parallel fields. We want to
calculate the relative wavelength scaling of the amplitude of the tree-ring profiles, which depends
on the absorption length in the silicon substrate along the y direction. Therefore, we will assume
that it is possible to factor out the x dependence of the transverse and parallel fields, and provide
models only for E‖(y) and E⊥(y). When calculating the relative amplitude of the rings with respect
to another band (e.g., the g band), the x-dependent functions will cancel out.
E‖(y) has three contributions: a constant term due to the fact that the pixel acts like a
capacitor, a constant term due to space charges in the buried p-channel, and a linear term due
to space charges in the n-type substrate. By solving the one-dimensional Poisson equation in a
semiconductor with appropriate boundary conditions, E‖(y) can be written as a linear function of
distance, E‖(y) = −a (1 + (b/a)(y/d− 1)), with a ≡ Vapp/d + Vdep/d and b ≡ qNDd/Si. Vapp is
the voltage drop across the drift region, and it is equal to the difference between Vsub and VJ (the
bias voltage applied to (over)deplete the device and the average channel potential at the junction
between the p-channel and n-type substrate, respectively). The minimum voltage necessary to
fully deplete the CCD is denoted by Vdep = qNDd
2/2Si, where q is the electron charge, ND is the
substrate doping (donors in n-type silicon), and Si is the permittivity of silicon (Holland et al.
2003).19
19Note that the expression for E‖(y) that appears in Holland et al. (2003) assumes that the origin is at the
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Transverse differences in the space charges, or gradients in the direction perpendicular to the
optical axis (the x direction), give rise to E⊥(y). Boundary conditions imply that E⊥(y) must
vanish at the positions y = 0 and y = d. In addition, simulations show that fields of this type peak
roughly at y = 0.5d (Kotov et al. 2006). Thus, we assume that the y dependence of this field is of
the structural form E⊥(y) = A⊥(y/d)(1−y/d), with A⊥ a constant to give dimensional consistency
to this expression.
Using Equation (A4), the amplitude of the astrometric signatures in different bands as mea-
sured by using the star-flat data will be given by (setting k ≡ b/a):
∆X⊥(y) =
A⊥
a
d
{
(y′/d)2
2k
− (y
′/d)
k2
+
(
1
k3
− 1
k2
)
ln
(
k
(
y′
d
− 1
)
+ 1
)} ∣∣∣∣d
y
(A5)
∆X⊥ peaks at the origin (the back side of the device) and monotonically decreases to zero at the
front gate (y = d), as expected.
The amplitude of the ring profiles measured in the dome flats is given by the spatial derivative
of Equation (A5) with respect to the transverse axis, ∂x∆X⊥. For the particular case in which
the transverse and electric fields are separable into functions that only depend on x and y, the
relative astrometric and photometric shifts as function of the substrate depth will be identical (the
derivative will affect only the transverse component, and it will cancel out when amplitude ratios
are calculated).
A.2. Measurements from dome- and star-flat images
We used Equation (A1) to calculate the relative amplitudes of the tree rings profiles in all
bands, with respect to the g band. For the absorption length of light in silicon, we used the values
obtained from the model in Rajkanan et al. (1979), as calculated by D. Groom,20 for a temperature
of T = 173 K (the nominal working temperature of the DECam focal CCDs). The DECam flat-field
images are created on a daily basis by illuminating a nearly Lambertian screen with 4 LEDs stations
(with 7 hight-power LEDs each one) around the telescope top ring (Marshall et al. 2013). We used
the relative spectral energy distributions of the LEDs to make a comparison with the data from
dome-flat images.21 The data to produce the astrometric profiles of the tree rings (Figure 5) were
obtained by imaging several stars in different position of the focal plane. In this case we approximate
silicon-SiO2 interface, at the front of the CCD. Our equations assume that the origin lies at the back side of the CCD.
20http://snap.lbl.gov/ccdweb/ccd_data.html
21The spectral distributions of the LEDs are plotted in Figure 2 of Marshall et al. (2013). Each one of these relative
SEDs is normalized to its maximum. The LEDs are chosen so one DES band is illuminated mostly by just one LED
peaking at the central wavelength of the band. In our calculations, when two LEDs overlap in one band we chose
one of them, as an approximation.
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Fig. 8.— Relative amplitude of the tree-ring profiles with respect to the g band (i.e., the factor
by which one must multiply the profile in the g band to obtain the profiles in the other bands).
The solid lines with squared symbols show the values estimated from Equation (A1) by using the
approximations described in the text. The solid, blue line uses the spectrum of a G5V-type star as
source SED, whereas the red, solid line uses the spectrum of one of the high-power LEDs used to
create the DECam dome flats, for each photometric band. The dashed lines with circular symbols
show the average of the measured values over all DECam CCDs for amplifier A of each CCD (the
values for amplifier B are similar): the red, blue, and green dashed lines are for the multiplicative
factors obtained from the photometric residuals, the astrometric residuals (Figure 5, upper panel),
and the dome-flat images (Figure 6, upper panel), respectively.
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the stars’ SEDs by using a single spectral energy distribution of a G5V star (Pickles 1998) in
Equation (A1). We calculate relative amplitudes between filters, so proportionality constants (e.g.,
A⊥) will cancel out. To calculate E‖, we use Vsub = 40V, VJ = −17V, ND = 8.61 × 1011 cm−3 ,
and Si = 11.70.
We compare our calculations with the average of the measured relative amplitudes between
the tree rings profiles in different bands in Figure 8. The measured values were obtained by using
the tree-ring radial profiles as seen in the photometric residuals, the astrometric residuals, and the
dome-flat images (see Figures 3, 5, and 6).
Both the measured and calculated ratios diminish with wavelength, in agreement with the
expectations from our electrostatic model. Also, the ratios from the dome-flat and photometric-
residuals data trace each other, as was demonstrated in Figure 3 for the i band. The discrepancies
in the actual values could be due to the approximations performed to obtain expressions for the
functions in Equation (A1). For example, the astrometric shift ∆X⊥ depends explicitly on the
star’s SEDs. In addition, a more complex model for the y dependence of the transverse electric
field might be needed.
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